Abstract A subset of patients with glioblastoma (GBM) have butterfly GBM (bGBM) that involve both cerebral hemispheres by crossing the corpus callosum. The prognoses, as well as the effectiveness of surgery and adjuvant therapy, are unclear because studies are few and limited. The goals of this study were to: (1) determine if bGBM have worse outcomes than patients with non-bGBM, (2) determine if surgery is more effective than biopsy, and (3) identify factors independently associated with improved outcomes for these patients. Adult patients who underwent surgery for a newly diagnosed primary GBM at an academic tertiary-care institution between 2007 and 2012 were retrospectively reviewed and tumors were volumetrically measured. Of the 336 patients with newly diagnosed GBM who were operated on, 48 (14 %) presented with bGBM, where 29 (60 %) and 19 (40 %) underwent surgical resection and biopsy, respectively. In multivariate analysis, a bGBM was independently associated with poorer survival [HR (95 % CI) 1.848 (1.250-2.685), p \ 0.003]. In matched-pair analysis, patients who underwent surgical resection had improved median survival than biopsy patients (7.0 vs. were each independently associated with prolonged survival among patients with bGBM. This present study shows that while patients with bGBM have poorer prognoses compared to nonbGBM, these patients can also benefit from aggressive treatments including debulking surgery, maximal safe surgical resection, temozolomide chemotherapy, and radiation therapy.
of these features may help guide treatment regimens aimed at optimizing outcomes for patients with this subset of GBM.
Methods

Patient selection and recorded variables
Institutional review board approval was obtained prior to the start of this study. All adult patients ([18 years) who underwent surgery for a newly diagnosed intracranial GBM from January 2007 to July 2012 were included based on an institutional brain tumor registry. Determination of a GBM was made by a senior neuropathologist according to the World Health Organization (WHO) classification system [21, 22] . Patients with prior resections, previous lower grade gliomas (based on previous surgeries with pathology revealing a lower grade glioma as well as lesions that underwent contrast enhancement changes while being monitored with serial radiographic imaging), multifocal lesions, and infratentorial lesions were excluded.
The clinical records of all included patients were retrospectively reviewed using an institutional electronic patient record database. A bGBM was defined as a contrast-enhancing lesion spanning both hemispheres via the corpus callosum on radiographic imaging (Fig. 1) . Tumors with edema but not contrast-enhanced tumor crossing the corpus callosum were not classified as a bGBM. With regard to radiographic characteristics, the pre and postoperative MRIs were obtained and reviewed for each patient. The pre and postoperative tumor volumes were measured using T1-weighted gadolinium-enhanced MRI (1.5-3 mm axial cuts) obtained within 48 h of surgery (OsiriX, Los Angeles, CA, USA) as previously described [23, 24] . For butterfly lesions, tumor volumes in the right and left hemispheres were also measured. The volume of blood products rather than residual tumor on postoperative imaging was confirmed by comparing T1-weighted gadolinium-enhanced and non-enhanced MRIs. Percent resection was calculated using the following formula: (preoperative -postoperative tumor volume)/preoperative tumor volume. The date of death was obtained using the social security index database [25] . Time to death was the time from surgery to death. Patients whose deaths were unconfirmed were censored at the time of their last clinic visit.
General treatment strategy
The choice of surgical resection versus needle biopsy was typically based on the discretion of the surgeon. Motor and somatosensory evoked potentials and surgical navigation were typically used for tumors near motor and/or somatosensory cortex. The use of other surgical adjuncts (i.e. cortical and subcortical mapping, ultrasound, and functional imaging) was based on surgeon preference. In the majority of cases, the primary goal was to debulk the eccentric portion of the bGBM and not to resect the tumor involving the corpus callosum. In general, a unilateral craniotomy was done with the primary intent of debulking based on the side of maximal tumor bulk and/or mass effect. For lesions with symmetric bilateral involvement, the non-dominant side was typically chosen for the approach. Tumor was debulked on the contralateral side using a unilateral approach if the tumor was deemed accessible by the operating surgeon. The use and choice of adjuvant radiation and/or chemotherapy was determined by a multi-disciplinary team, including the surgeon, radiation oncologist, oncologist, and the patients themselves.
Statistical analysis
Summary data were presented as mean ± standard deviation and median [interquartile range (IQR)] for parametric and non-parametric data, respectively. The Student's t test and Fisher exact test were used to make inter-group comparison for continuous and categorical data, respectively. A multivariate proportional hazards regression analysis was used to identify whether a butterfly location was independently associated with worse outcomes for patients with GBM after controlling for factors previously known to be associated with survival. Matched pair analyses were also used to compare survival for patients with and without bGBM, as well as bGBM patients who underwent biopsy and debulking surgical resection. Stepwise multivariate proportional hazards regression analyses were used to identify independent associations with survival. For surgical resection, percent resections were dichotomized in 5 % intervals, and separate stepwise multivariate proportional hazards regression analyses were done to find the percent resection most significantly associated with decreased hazards of death. Values with p \ 0.05 in these analyses were considered statistically significant. Overall survival was plotted using the Kaplan-Meier method, and Log-rank analysis was used to compare Kaplan-Meier plots (GraphPad Prism 5, La Jolla, CA, USA). JMP9 (SAS, Cary, NC, USA) was used unless otherwise specified.
Results
Pre, peri, and postoperative patient characteristics of butterfly and non-butterfly patients
The pre, peri, and postoperative characteristics of the 336 patients with newly diagnosed bGBM and non-bGBM are summarized in Table 2 . 48 (14 %) patients presented with a bGBM. The average age of all (bGBM and non-bGBM) patients was 60. 3 , respectively. This equated to a mean ± -SEM percent resection of 71.4 ± 2.0 %.
Following surgery, 31 (9 %), 13 (4 %), and 15 (4 %) incurred a new motor, language, and vision deficit, respectively. At last follow-up, 227 (68 %) underwent temozolomide chemotherapy and 241 (72 %) underwent radiation therapy. 224 (67 %) underwent temozolomide/radiation therapy according to the Stupp protocol [26] . Among those patients who received temozolomide/radiation therapy, the mean ± standard error of the mean (SEM) of adjuvant temozolomide cycles was 1.1 ± 0.6. Of the patients who did not undergo temozolomide/radiation chemotherapy, 48 (14 %) underwent other types of chemotherapy, 27 (8 %) were determined to not be candidates for chemotherapy (i.e. thrombocytopenia, poor functional status, etc.), and 34 (10 %) were lost to follow-up and may have had their 18-month survival rate (%, N) 2 (9 %) 1 (0 %) 68 (31 %) 69 (27 %) Groups are separated by those who underwent biopsy of a bGBM (n = 19), surgical resection of a bGBM (n = 29), surgery for a non-bGBM (n = 288), and all GBM (n = 336) Differences between patients with and without butterfly GBM
The differences between patients undergoing surgery for a bGBM and non-bGBM are summarized in Table 2 . Preoperatively, patients undergoing surgery for a bGBM less frequently presented with seizures (p = 0.0005) and language deficits (p = 0.05), and more frequently confusion and/or memory loss (p = 0.0001). Moreover, patients with bGBM typically had larger tumors (p = 0.007). Among patients with bGBM, 48.5 ± 4.1 % of the volume was on the left and 45.9 ± 4.7 % on the right, and 4 (8 %) involved the motor cortex. There were no differences between the cohorts in regards to age, gender, KPS, and other presenting symptoms. Perioperatively, patients with bGBM more frequently underwent needle biopsy (p = 0.0001), had larger postoperative volumes (p = 0.0001), and underwent less percent resection (p = 0.0001). There were no statistical differences between patients with and without a bGBM in regards to development of iatrogenic deficits, length of hospital stay, and use of adjuvant therapies.
Association between a butterfly glioblastoma and survival
In multivariate analysis, after controlling for factors previously shown to be associated with survival (age [1, 4, 27, 28] , KPS [1, 4, 27, 28] , extent of resection [23] , temozolomide [26, 29] , and radiation [30] ), a bGBM was independently associated with poorer survival [HR (95 % CI) 1.848 (1.250-2.685), p \ 0.003] ( Table 3 ). The median survival for patients who underwent surgery of a bGBM was significantly shorter than non-bGBM patients (5.1 vs. 12.5 months, p \ 0.0001) (Fig. 2a) . Moreover, in order to account for differences in confusion/memory loss between patients with and without bGBM, a butterfly location remained significantly associated with poorer survival [HR (95 % CI) 1.704 (1.140-2.504), p = 0.005). This also remained true after controlling for other preoperative differences between patients with and without bGBM including seizures and language deficits [HR (95 % CI) 1.554 (1.064-2.844), p = 0.01). In order to further account for potential pre and perioperative differences that could contribute to differences in outcomes, matched pair analyses were also conducted. Groups were matched for age (±5 years), KPS (±10), preoperative tumor size (±5 cm 3 ), eloquent cortex involvement (yes/no), extent of resection (±5 %), temozolomide chemotherapy (yes/no), and radiation therapy (yes/no). In this matched-pair analysis, the median survival for patients with bGBM (n = 17) was significantly shorter than matched patients with non-bGBM (n = 17) (7.0 vs. 11.6 months, p = 0.009) (Fig. 2b) . The 6-and 12-month survival rates for patients who underwent biopsy of a bGBM were 12 % (n = 2) and 0 % (n = 1), respectively, while the 6-and 12-month survival rates for patients who underwent resection of a bGBM were 60 % (n = 7) and 12 % (n = 2), respectively. In sub-group analysis, there were no significant differences in the number of adjuvant temozolomide cycles between patients with and without bGBM in this matched-pair analysis (0.4 ± 0.3 vs. 0.7 ± 0.5, p = 0.45).
Impact of surgical resection versus biopsy for patients with butterfly GBM
Among patients with bGBM, 29 (60 %) underwent debulking surgical resection and 19 (40 %) underwent needle biopsy. In order to understand the effect of surgery for patients with bGBM, a matched pair analysis was conducted to assess potential differences in surgical selection and survival between patients who underwent needle biopsy and surgical resection. Groups were matched for age (±5 years), KPS (±10), preoperative tumor volume (±5 cm 3 ), percent tumor on Fig. 2 Overall survival curves for patients with glioblastoma (GBM). a, b Overall survival for patients who underwent surgery of a newly diagnosed butterfly (bGBM) and non-butterfly glioblastoma (nonbGBM). a Overall survival of all GBM patients. The median survival for patients who underwent surgery of a bGBM was significantly shorter than patients who underwent surgery of a non-bGBM (5.1 vs. 12.5 months, p \ 0.0001). The 6-and 12-month survival rates for patients with bGBM were 47 and 22 % as compared to 75 and 55 % for patients with non-bGBM, respectively. b Overall survival of bGBM patients matched with non-bGBM. In order to control for potential pre and perioperative differences, groups were matched for age (±5 years), KPS (±10 points), preoperative tumor size (±5 cm 3 ), eloquent cortex involvement (yes/no), extent of resection (±5 %), temozolomide (yes/no), and radiation (yes/no). The median survival for patients with bGBM (n = 17) was significantly shorter than matched patients with non-bGBM (n = 17) (7.0 vs. 11.6 months, p = 0.009). c, d Overall survival for bGBM patients by increasing surgical resection. c Overall survival of bGBM patients who underwent debulking surgery matched to patients who underwent biopsy. Groups were matched for age (±5 years), KPS (±10 points), preoperative tumor size (±5 cm 3 ), percent tumor on contralateral side (±5 %), motor cortex involvement (yes/no), temozolomide chemotherapy (yes/no), and radiation therapy (yes/no). The median survival for patients who underwent surgical resection (n = 11) was significantly longer than for patients who underwent biopsy of a bGBM (n = 11) (7.0 vs. 3.5 months, p = 0.03). The 6-and 12-month survival rates for patients who underwent surgical resection of a bGBM were 60 and 12 % as compared to 12 and 0 % for matched patients who underwent needle biopsy, respectively. d Survival of bGBM patients who underwent [65 % resection as compared to patients who underwent B65 % resection. The median survival for patients who underwent [65 % percent resection (n = 15) was significantly longer than patients who underwent B65 % percent resection (n = 33) (7.1 vs. 4.5 months, p = 0.047). The 6-and 12-month survival rates for patients who underwent [65 % resection were 64.6 and 24.6 % as compared to 28.1 and 7.0 % who underwent B65 % resection, respectively contralateral side (±5 %), motor cortex involvement (yes/ no), temozolomide (yes/no), and radiation (yes/no). The median survival for patients who underwent surgical resection (n = 11) was significantly longer than for patients who underwent biopsy (n = 11) of a bGBM (7.0 vs. 3.5 months, p = 0.03) (Fig. 2c) . In sub-group analyses for these matched pairs, there was no significant difference in the number of adjuvant temozolomide cycles between patients who underwent needle and surgical resection of a bGBM (1.0 ± 0.6 vs. 1.5 ± 0.3, p = 0.48).
Factors independently associated with improved outcomes for patients with butterfly GBM In univariate analysis, the factors associated with prolonged survival for patients who underwent surgery of a bGBM were: increasing percent of resection, radiation, and temozolomide. In multivariate analysis, increasing percent resection (Table 3) .
Among percent resection, resection [ 65 % had the most significantly decreased hazards of death [HR (95 % CI) 0.397 (0.179-0.821), p \ 0.01]. In Log-Rank analysis, patients who underwent [65 % percent resection (n = 15) had significantly longer median survival than patients who underwent B65 % percent resection (n = 33) (7.1 vs. 4.5 months, p = 0.047) (Fig. 2d) .
Discussion
In this study, 48 (14 %) patients with newly diagnosed GBM presented with a bGBM. Among patients who underwent surgery of a newly diagnosed GBM at our institution, patients with bGBM typically had larger tumors, more frequently underwent needle biopsy, and had less extensive resection. In multivariate and matched-pair analyses, a bGBM was independently associated with poorer survival, with a median survival 60 % less than matched patients with non-bGBM. In regards to identifying the optimal treatment for patients with bGBM, patients who underwent debulking surgical resection had a twofold improved median survival as compared to matched patients who underwent needle biopsy (7.0 vs. 3.5 months). Patients with bGBM who underwent increasing percent resection, postoperative radiation, and temozolomide chemotherapy had the highest likelihood of prolonged survival.
Butterfly GBM may represent a distinct clinical subset of GBM. These tumors involve the bilateral hemispheres by invading the corpus callosum [31] . While the majority of outcome studies on GBM show that younger age, higher preoperative functional status, increased resection, radiation, and temozolomide are associated with improved outcomes [1, 2, 4-6, 27, 28, 32-39] , these findings may not be applicable to bGBM. bGBM can be larger, more difficult to resect, and associated with more morbidity than GBM located elsewhere [7, 10, 12, 15, 40] . As a result, the majority of bGBM patients in previous studies have undergone needle biopsy rather than surgical resection and been withheld adjuvant therapies [7, 9, 10, 12, 15, 18, 41] . This withholding of aggressive therapies for bGBM patients may be because these tumors are assumed to have poorer prognoses than GBM in other locations, and aggressive treatment may be considered futile. This assumption may be erroneous because it is primarily based on anecdotal data [10] [11] [12] [13] [14] [15] [16] [17] .
Previous studies on bGBM are limited [7, 8, 10-17, 19, 20] . Studies on bGBM have combined this subset of patients into the same cohort of patients with non-bGBM even though they only account for 3-15 % of patients [1, 27, 38, 42, 43] . The majority of studies limited to only patients with bGBM are small case series [10] [11] [12] [13] [14] [15] [16] [17] aimed to report rare presenting symptoms including catatonia [11] , muscle atrophy [13] , neuropsychological deficits [14] , and leptomeningeal metastases [16] . To date, there have been few previous non-case report-based studies limited to bGBM patients (Table 1) [7, 9, 18, 20, 41] . Stelzer et al. in 1997 evaluated 105 patients, where 32 patients had contrast-enhancing tumor in the corpus callosum [18] . Younger patients (age \ 50) that were high-functioning (KPS [ 60) had worse outcomes if they had corpus callosum involvement [18] . However, in this study, volumetric measurements were not made, extent of contralateral disease was not evaluated, adjuvant chemotherapy were not typically given, and the study had mixed histology [18] . Dziurzynski et al. evaluated the outcomes of 23 patients with bGBM, where 12 patients underwent needle biopsy and 11 underwent resection [7] . Only 8 of these patients underwent temozolomide and radiation therapy, and only 11 underwent radiation therapy [7] . Because of the small patient numbers, they were unable to make statistically significant conclusions about the efficacy of aggressive treatments [7] . Therefore, it remains unclear if aggressive treatment is warranted for this small subset of GBM patients with presumed poor prognosis. As a result, the treatment algorithm remains unclear and most patients undergo biopsy to confirm diagnosis, and are not frequently offered radiation and chemotherapy [7, [10] [11] [12] [13] [14] [15] [16] [17] .
The present study provides several potential important observations about patients with bGBM. Patients with bGBM have a significantly poorer survival than patients with non-bGBM. Despite this poor prognosis among patients with GBM, patients with bGBM can benefit from aggressive treatment. In matched-pair analysis, patients with bGBM who underwent surgical resection had improved survival as compared to patients who underwent needle biopsy. Moreover, in multivariate analysis, increasing resection, temozolomide chemotherapy, and radiation were each independently associated with prolonged survival. This study ultimately shows that despite their poor prognosis, aggressive therapies can improve outcomes for patients with bGBM. Moreover, there was no increase in perioperative deficits for patients who underwent surgery of a bGBM as compared to a non-bGBM.
Strength and limitations
We believe this study provides valuable information for patients with bGBM. First, this is the first study to demonstrate this subset of GBM is clinically distinct than nonbGBM. This has been an assumption by many, but has not been rigorously evaluated. Second, this study shows that debulking surgical resection may result in improved outcomes for patients with bGBM as compared to needle biopsy. Previous studies have been limited by patient numbers to make this evaluation [7, [10] [11] [12] [13] [14] [15] [16] [17] . Third, this study shows that increasing percent resection, temozolomide chemotherapy, and radiation therapy are each independently associated with prolonged survival for bGBM patients. Previous studies have yet to make multivariate analyses to evaluate the effectiveness of these therapies in prolonging survival.
This study, however, has some limitations. One limitation is that the tumors in this study did not routinely undergo assessment of molecular markers and genotypes including O 6 -methylguanine-DNA methyltransferase (MGMT) promoter methylation [44] and isocitrate dehydrogenase 1 (IDH1) mutations [45] , as well as molecular sub-classifications including proneural, classical, and mesenchymal [46] , which were not routinely done at our institution. These molecular markers and sub-classifications may also be associated with survival, but were not analyzed in this study. Furthermore, this study found that patients who underwent [65 % percent resection had the greatest reduction in the risk of death, which is different than the 98 and 78 % thresholds found in previous studies on all GBM [4, 6] . These previous studies were much higher powered to find the minimum percent resection thresholds because they involved all patients with GBM, not just bGBM [4, 6] . This study was just designed to evaluate the percent resection associated with the greatest reduction in the risk of death among patients with bGBM. Additionally, not all the patients in this study underwent temozolomide and radiation therapy. Some of these patients were poor candidates for adjuvant therapy, while others were lost-to-follow-up and had their adjuvant care at another hospital making it difficult to determine if they received adjuvant therapy. The relevance of this study's findings may be altered if all patients received uniform treatments. This study is also based on retrospective information, which may create inherent biases associated with patient and treatment selection. It would also benefit from evaluation of other outcome measures in addition to survival including quality of life and neuropsychological assessments, which were not available in our retrospective patient population. However, we tried to create a uniform patient population by utilizing strict inclusion criteria by only including newly diagnosed GBM as well as controlling for potential confounding variables by performing matched-pair and multivariate analyses. We believe our findings offer useful insights for patients with bGBM. Nonetheless, prospective studies, most likely multi-institutional in design, that incorporate other outcome measures including quality of life and neuropsychological assessments are needed.
Conclusions
This present study shows that while patients with bGBM have poorer prognoses compared to non-bGBM, these patients can also benefit from aggressive treatments including debulking surgery, increasing percent resection, temozolomide chemotherapy, and radiation therapy.
